Objective: To identify the incidence and clinical significance of myocardial injury following elective stent implantation. Design: Prospective clinical study with 278 consecutive patients undergoing stenting of de novo coronary or saphenous vein graft lesions. Incidence of periprocedural myocardial injury was assessed by analysis of 12 lead ECG, creatine kinase (CK; upper limit of normal (ULN) 70 IU/l for women, 80 IU/l for men), and cardiac troponin T (cTnT; point of care test; threshold 0.1 ng/ml) before and 6, 12, and 24 hours after the intervention. Major adverse cardiac events (MACE: acute myocardial infarction, bypass surgery, and cardiac death) were recorded during clinical follow up (mean (SD) 7.8 (5.3) months). Results: Following elective stenting, the rate of a positive cTnT status was 17.3%, the rate of CK increase of 1-3× ULN 14.7%, the rate of CK increase of > 3× ULN 1.4%, and the rate of Q wave myocardial infarction 0.4%. Cardiac mortality during follow up was higher in patients with postprocedurally increased CK (7.1% v 1.3%, p = 0.01, log rank) and cTnT (9.1% v 0.9%, p < 0.001, log rank). In addition, postprocedurally increased cTnT was associated with a higher overall incidence of MACE (13.1% v 4.0%, p < 0.01, log rank) and was identified as an independent factor for MACE during follow up (hazard ratio 3.27, 95% confidence interval 1.14 to 9.41, p = 0.028). Conclusions: Following elective stent implantation, a positive cTnT status identified patients at risk of a worse long term outcome. Treatment strategies have to be developed that lead to prognostic improvement by reducing periprocedural myocardial injury. D uring the past two decades, coronary stenting either with predilatation (conventional stenting) or without predilatation (direct stenting) has become the leading type of percutaneous coronary intervention, and accounts for approximately 70% of all catheter based procedures.
D
uring the past two decades, coronary stenting either with predilatation (conventional stenting) or without predilatation (direct stenting) has become the leading type of percutaneous coronary intervention, and accounts for approximately 70% of all catheter based procedures. [1] [2] [3] [4] Increasing experience, use of novel stent designs, and more effective antiplatelet treatment contributed to this development. 5 6 Yet the favourable impact on both short and long term clinical outcome remained the most important factor in the widespread use of stent implantation. [1] [2] [3] Fundamental questions in clinical practice were, however, raised by various clinical trials, which showed a worse long term outcome for patients with increased creatine kinase (CK) following otherwise successful percutaneous coronary intervention. 7 By means of postprocedural analysis of cardiac troponin T (cTnT) or cardiac troponin I, even minor forms of these intervention related events have become detectable and were found to be higher with stent implantation than with balloon angioplasty. 8 9 Yet the prognostic significance of these minor forms of stenting related myocardial injury is still unknown.
Thus, the present study was designed to assess prospectively the incidence and prognostic significance of myocardial injury associated with direct and conventional stent implantation by serial analysis of cTnT, CK, and 12 lead ECG.
METHODS

Patient population
Between January 1998 and November 1999, all patients with successful single vessel stenting were included in this study unless they met at least one the following criteria: increased cardiac serum markers before intervention; acute myocardial infarction (AMI) during the two weeks before the procedure; terminal renal insufficiency, hypothyroidism, or skeletal muscle injury; vessel diameter < 2.5 mm; severe calcification or angulation of the target lesion; in-stent restenosis or chronic occlusion; and contraindication for aspirin, ticlopidine, or clopidogrel medication.
Procedural success was defined as a reduction in stenosis diameter < 30% without fatal complications or emergency coronary artery bypass grafting. The study was approved by the local council of human research and all patients gave written informed consent for the coronary procedure.
Interventional procedure All interventional procedures were performed through the femoral route using tubular slotted stents only. It was left to the operator's discretion to choose between conventional stenting and direct stenting based on the vessel anatomy and personal preference. If angiography suggested incomplete stent expansion or residual stenosis > 30%, further high pressure balloon inflations were performed. After the procedure, ticlopidine (500 mg/day) or clopidogrel (300 mg initial bolus, followed by 75 mg/day) was given for four weeks in addition to lifelong aspirin medication (100 mg/day).
Angiographic lesion characteristics were classified according to the modified American Heart Association/American College of Cardiology (AHA/ACC) classification. 10 All procedural complications were noted and were based on commonly used definitions. 11 Missing or severely impaired flow in the presence of an apparently open coronary vessel was defined as "no reflow".
Cardiac marker analysis
Venous blood sampling and 12 lead ECG were scheduled before as well as 6, 12, and 24 hours after the coronary intervention. Total CK serum activity was determined by an enzymatic assay (Bayer Diagnostics, Leverkusen, Germany; activator: N-acetylcysteine, Merck, Darmstadt, Germany) with an upper limit of normal (ULN) of 70 IU/l for women and 80 IU/l for men. cTnT was analysed using a rapid bedside test (Cardiac T, Roche Diagnostics, Mannheim, Germany) with a threshold of 0.1 ng/ml. 12 New Q waves were defined as those at least 30 ms wide and deeper than 25% of the correlating R amplitude in at least two of the three diaphragmatic leads (II, III, aVF), in at least two of the four anteroseptal leads (V1 to V4), or in at least two of the lateral leads (V5, V6, I, aVL). 13 Clinical follow up Follow up data were obtained by telephone interviews with the patient, their relatives, their primary physician, or their cardiologist at six month intervals. A standardised format was used to record hospitalisation for unstable angina pectoris, target lesion revascularisation, target vessel revascularisation, and major adverse cardiac events (MACE: coronary artery bypass grafting, AMI, and cardiac death). AMI during follow up was defined biochemically by a minimum rise of CK > 2× ULN or electrocardiographically by the development of new Q waves. Deaths were classified as being of cardiac origin if they were associated with congestive heart failure, arrhythmia, AMI, sudden death (> 1 hour after onset of cardiac symptoms), or any other cardiac malady.
Statistical analysis
Data were analysed using the SPSS software package (version 10.1, SPSS, Chicago, Illinois, USA). Continuous variables are reported as mean (SD) and categorical variables as percentages. Group comparisons were made by Student's t test or U test (continuous parametric or non-parametric data, respectively) or by χ 2 test in case of categorical variables. Odds ratio (OR) and 95% confidence intervals (95% CI) are given for variables correlating significantly with postprocedural cardiac marker increase and MACE during follow up in univariate and multivariate logistic regression analyses. Cumulative (event free) survival was analysed by the Kaplan-Meier method and group comparison was done by the log rank test. The multivariate Cox proportional hazards regression model was used to analyse the independent association of variables with MACE during follow up (hazard ratio, 95% CI). A probability value of p < 0.05 was considered significant. Table 1 and table 2 2 present the demographic and interventional profiles for the entire study population (n = 278) stratified according to cTnT outcome. There was no significant difference between the postprocedurally cTnT positive and postprocedurally cTnT negative patients in procedural parameters such as number of stents, maximal inflation pressure, balloon to artery ratio, and stenosis grade before and after intervention (data not shown).
RESULTS
Patient population
Cardiac marker outcome
Overall, the rate of postprocedural increase of cTnT was 17.3%, the rate of CK increase of 1-3× ULN 14.7%, the rate of CK increase of > 3× ULN 1.4%, and the rate of Q wave myocardial infarction 0.4%. Table 3 shows the association between postprocedural cTnT increase and CK outcome.
Variables that correlated with a postprocedural cTnT increase in the univariate logistic regression analysis were a < 30% reduction in left ventricular ejection fraction before intervention (OR 12.14, 95% CI 2. 
Clinical follow up
Follow up data were available for 96.8% of the patients (table 4). The overall incidence of MACE during follow up was higher in patients with a positive postprocedural cTnT status (OR 3.79, 95% CI 1.28 to 11.26, p = 0.016) (fig 1) . SVG intervention was the only other variable that correlated with MACE in the univariate logistic regression analysis (OR 4.17, 95% CI 1.40 to 12.44, p = 0.01). Multivariate logistic regression and Cox proportional hazards analyses identified a positive postprocedural cTnT status (OR 3.53, 95% CI 1.16 to 10.74, p = 0.026 and hazard ratio 3.27, 95% CI 1.14 to 9.41, p = 0.028, respectively) and SVG intervention (OR 3.9, 95% CI 1.28 to 11.88, p = 0.017 and hazard ratio 2.95, 95% CI 1.02 to 8.54, p = 0.046) as independently associated with MACE during follow up. Differences in MACE were caused mainly by differences in cardiac mortality, which was higher in patients with a positive postprocedural cTnT status (OR 11.14, 95% CI 1.98 to 62.87, p = 0.006, fig 2) 
DISCUSSION
The present study shows that a positive cTnT status following elective stent implantation is associated with a worse long term clinical outcome despite a low in-hospital rate of MACE.
Periprocedural myocardial injury
Ever since the issue of periprocedural myocardial injury arose in the 1990s, there has been considerable debate about the clinical significance of these intervention related events. 14 Although reversible myocardial ischaemia can lead to release of cardiac enzymes, 15 it is generally accepted that an increase in cardiac serum markers reflects myocardial necrosis in the majority of cases. Notably, cardiac troponins are considered to be highly specific and sensitive markers of irreversible myocardial injury. 16 Following elective stent implantation, a cTnT increase of > 0.1 ng/ml and increased CK/CK-MB > 1× and >3× ULN have been reported in 3-29%, 3-35%, and 0-10% of patients, respectively. 8 17-22 In the present study, a postprocedural increase of cTnT and of CK > 1× ULN were noted in similar frequency, yet in only half of the cases concomitantly. Considering that the overall incidence of a CK increase > 3× ULN was low and always associated with a cTnT increase, the discrepancy in cardiac marker outcome was limited mainly to cases in which the CK increase was mild. Thus, following successful stent implantation, minor rather than major myocardial injury can be found frequently, with cTnT being of higher diagnostic value than CK. In line with previous trials, patients with a baseline reduction of left ventricular function and more complex target lesions are at higher risk of these events. 7 18 23 Prognostic significance In a series of angioplasty trials evaluating the clinical implication of peri-interventional myocardial injury, some, though not all, studies showed the prognostic significance of postprocedural CK or CK-MB increase. 7 8 24-27 In the EPISTENT trial (evaluation of platelet IIb/IIIa inhibitor for stenting), an increase of CK/CK-MB > 3× ULN following stent implantation was associated with higher mortality during follow up. 28 Saucedo and colleagues 21 confirmed the association between postprocedurally increased cardiac enzyme and future MACE (mainly cardiac mortality), albeit with a "prognostic" threshold concentration of 5× ULN. On the contrary, Gabarz and colleagues 19 found neither CK nor cardiac troponin I increase to be predictive of future adverse events in a series of 109 consecutive patients undergoing stent implantation.
Although the study size has to be taken into consideration, the correlation of cardiac mortality and overall MACE was found to be stronger with postprocedurally increased cTnT than with postprocedurally increased CK. As a concomitant increase of CK > 3× ULN was present in only a few cases of postprocedural cTnT increase, the clinical significance of minor rather than major peri-interventional myocardial injury is furthermore highlighted by these findings. Thus, following elective stent implantation, the present study identifies cTnT as a better prognostic marker than CK and underscores the prognostic implication of even minor intervention related myocardial injury.
Clinical implication
As shown in this and other studies, a postprocedural cardiac marker increase is neither a rare nor a prognostically insignificant event. Given the current findings, postprocedural cTnT increase in particular seems to be of diagnostic and clinical value. The diagnostic window of cTnT and the use of point of care testing in this study furthermore suggest that, following stent implantation, patients at risk of future MACE and increased cardiac mortality can be identified by any increase of cTnT within a day after the procedure. Thus, cTnT analysis proves to be useful for further risk stratification after stent implantation
As far as prevention of any of these events is concerned, filter or balloon occlusion systems have increasingly become of interest. 29 30 Their potential to prevent embolisation of debris and peri-interventional myocardial injury has been shown in interventions for SVG lesions. 29 The efficacy of their use in intervention of native coronary arteries, as well as their use in general, remains to be proved on a larger scale. In one larger monocentre study, peri-interventional β blocker treatment was found to reduce the risk of peri-interventional myocardial injury. 18 On a broader, multicentre scale, glycoprotein IIb/IIIa receptor inhibitors have been shown to prevent at least major forms of peri-interventional myocardial injury. 20 22 Their impact on minor forms of myocardial injury related to stent implantation, however, has not been studied.
Limitations and potential sources of error
As the size of the present study is small, results must be interpreted with caution. Given a study size of 269 patients with follow up data and cardiac mortalities of 9.1% v 0.9% (MACE of 13.6% v 4.0%) in patients with versus those without postprocedural cTnT increase, the power of the present study can be retrospectively calculated to be 0.782 (0.659). Furthermore, semiquantitative cTnT analysis was used in this study, excluding the possibility of stratification of patient outcome according to increments of marker increase. Moreover, the chance of very small rises and peak serum concentrations between the intervals of blood analysis cannot be excluded. However, the entire study population would have been affected to the same extent by this putative systematic error.
Conclusion
Following stent implantation, an increase in cTnT can identify patients at risk of a worse long term clinical outcome despite low in-hospital morbidity and mortality. New treatment strategies have to be developed to prevent periprocedural myocardial injury, which, even in minor forms, is associated with a worse long term outcome. Especially in situations of increased risk such as intervention for complex lesion types, use of glycoprotein IIb/IIIa receptor inhibitors and distal protection devices may prove beneficial for further improvement of acute and long term outcome following stent implantation.
